Purpose: Currently, there are few effective adjuvant therapies for pediatric ependymoma outside confocal radiation, and prognosis remains poor. The phosphoinositide 3-kinase (PI3K) pathway is one of the most commonly activated pathways in cancer. PI3Ks transduce signals from growth factors and cytokines, resulting in the phosphorylation and activation of AKT, which in turn induces changes in cell growth, proliferation, and apoptosis.
Introduction
Ependymoma is the second most common malignant pediatric tumor of the central nervous system (CNS). Prognosis is relatively poor with a 5-year overall survival (OS) rate of 24% to 82% (1) (2) (3) . More than half of cases occur in children younger than 5 years (4-6). Ninety percent of pediatric tumors arise intracranially, 70% occurring in the posterior fossa, with the remaining 10% occurring in the spinal cord.
Array-based studies have identified genetic, epigenetic, and transcriptional differences between tumors arising in different anatomic locations (7) (8) (9) . However, despite the large amount of molecular data generated, few candidate genes and pathways have been identified that could be used for targeted therapies. Several prognostic markers have been identified for ependymoma, but few have been analyzed in sufficient pediatric patients (10) . The extent of surgical resection is still the most consistent marker of outcome (11, 12) . However, even with complete resection, tumor recurrence occurs in up to 50% of patients (13) . A number of putative biologic and genomic prognostic markers have been identified in large cohorts, including nucleolin (14) , Ki67 (15) , 1q gain (16) , nestin (17) , Nell2, and Lama2 (18) .
The phosphoinositide 3-kinase (PI3K) pathway is one of the most commonly activated pathways in cancer, including glioma and medulloblastoma (19, 20) . PI3Ks are lipid kinases that transduce signals from growth factors and cytokines influencing diverse biologic functions including cellular proliferation, survival, and motility. In response to upstream signals, PI3K phosphorylates the lipid phosphatidylinositol-,4,5,-bisphosphate, converting it to phosphatidyl-3,4,5,-trisphosphate (PIP 3 ; ref. 21) . PIP3 links PI3K to downstream effectors including the serine threonine kinase AKT. When the PI3K pathway is activated, AKT becomes phosphorylated and consequently phosphorylates downstream targets including GSK3b, FOXO transcription factors, and components of the mTOR pathway (22) .
In cancer, the PI3K pathway is activated through mutations or alterations in many components of the pathway (23) (24) (25) . PTEN is a key negative regulator of the pathway and loss of PTEN through mutation or deletion has been reported in many cancers, including glioma (23, 25) . Copynumber loss of the PTEN loci has also been seen in ependymoma (7) . Activating mutations in the PI3K catalytic subunit a-isoform gene (PIK3CA) are also found in many common cancers (24) .
The high incidence of PI3K pathway activation in cancer has made it an attractive therapeutic target. Drugs targeting the PI3K pathway have been developed, many of which are being introduced into clinical trials (22) .
We investigated the status of the PI3K pathway in ependymoma. Analysis of mRNA expression array data and protein expression by immunohistochemistry (IHC) demonstrated the PI3K pathway to be active in 72% of primary ependymomas, with a higher percentage of supratentorial ependymomas displaying pathway activation than posterior fossa and spinal tumors. Pathway activation was identified as an independent marker of poorer progression-free survival (PFS). Our data also suggest that PI3K pathway activation induces cell proliferation in ependymoma.
Materials and Methods

Sample information
Of note, 272 formalin-fixed paraffin-embedded pediatric ependymoma samples were used, 197 primary and 75 recurrent. Primary and subsequent recurrent samples were used from 30 patients. Samples were collected from patients diagnosed between 1961 and 2010. The mean and median age of the cohort was 69 and 46 months, respectively. Sixty-seven percent of primary tumors were posterior fossa, 22% supratentorial, and 6% were spinal. Data were unavailable for nine tumors. Sixty-four percent of primary tumors were classic and 33% were anaplastic ependymoma. Histopathologic information was unavailable for five samples. For patients still alive, the mean time of follow-up was 89 months and median was 83 months. Sixty percent of patients received radiotherapy. Treatment was unknown for 15% of patients.
Retrospective tumor samples were obtained from the Children's Cancer and Leukaemia Group (CCLG) and the Cooperative Human Tissue Network (CHTN). Approximately 50% of the cohort were samples from patients enrolled in two clinical trials, CNS9204 (26) and CNS9904 (27) . Sixty-three primary and 27 recurrent samples were from the CNS9204 trial and 46 primary and 16 recurrent samples were from the CNS9904 trial.
Twenty-three snap-frozen ependymomas were obtained for DNA extraction, 18 primary and 5 recurrent. For 1 patient, the primary and two recurrent samples were included. Samples were collected from patients diagnosed between 1987 and 2007. Fifty-six percent were posterior fossa, 35% supratentorial, and 4% were spinal. For one sample, location was unknown. Sixty-one percent were classic and 39% were anaplastic ependymoma.
Nineteen snap-frozen ependymomas were obtained for RNA extraction, 14 primary and 5 recurrent. Two recurrences were from 1 patient. Samples were collected from patients diagnosed between 1989 and 2008. Sixtyeight percent were posterior fossa, 21% supratentorial, and 11% were spinal. Sixty-three percent were classic and 37% were anaplastic ependymoma. Six of the tumors used for RNA extraction also had DNA extracted.
Patient clinical information was obtained from CCLG, CHTN, local centers, and trial centers. Multiple Centre Research Ethics (MREC) approval was obtained for the study. Consent for use of tumor samples was taken in accordance with national tumor banking procedures and the Human Tissue Act. Work was conducted in premises licensed under the Human Tissue Act.
Expression array analysis
Analysis was undertaken using previously published mRNA expression data (GEO accession number GSE21687; ref. 7) . Raw data were processed using the robust multiarray average (RMA) algorithm. Adult tumors were excluded. Genes differentially expressed between groups (P < 0.05) were identified using an ANOVA test with a Benjamini and Hochberg multiple test correction (28), using GeneSpring GX11.0 software (Agilent). Identified gene lists were analyzed using Ingenuity Pathway Analysis (IPA) 9.0 (http:\\www.ingenuity.com).
Translational Relevance
Brain tumors are the leading cause of cancer-related deaths in children in the United Kingdom. Ependymoma is the second most common malignant pediatric tumor of the central nervous system. Currently, there are few effective adjuvant therapies for pediatric ependymoma outside confocal radiation, and prognosis remains poor. The PI3K pathway is one of the most commonly activated pathways in cancer with a number of drugs targeting the pathway in current clinical trials. Here, we identify the PI3K pathway as a potential therapeutic target and prognostic marker for ependymoma. We found the PI3K pathway to be active in 72% of primary pediatric ependymomas, suggesting that targeting the pathway therapeutically would be a strategy applicable to a high percentage of patients. Through in vitro functional analysis, we demonstrated a significant link between PI3K pathway activation and cell proliferation, suggesting that inhibiting the pathway clinically would reduce ependymoma growth.
Quantitative PCR
RNA was extracted from 40 to 50 mg of frozen tissue using the mirVana miRNA Isolation Kit (Applied Biosystems). Before extraction, a small piece of tissue was prepared on a glass slide as a diagnostic smear, with subsequent hematoxylin and eosin (H&E) staining, to determine whether tumor cells were present. After extraction, RNA was treated with DNase (Promega; 2 U) at 37 C for 30 minutes. cDNA synthesis was carried out using the RevertAid cDNA Synthesis Kit (Fermentas) using 500 ng RNA. Primers were designed to amplify AKT1 ( . PCR reactions were carried out as previously described (8) . Relative expression to a calibrator sample (fetal temporal lobe total RNA; BioChain) was calculated using the Pfafl equation (29) .
IHC
Samples were analyzed on tissue microarrays. Following diagnostic pathology review, representative areas of tumor tissue were selected. Three cores from each tumor were included. IHC was carried out as described previously (14) . Slides were incubated with phosphorylated AKT (P-AKT; ser 473; 1/50; Cell Signaling Technology), cyclin D1 (1/100; Abcam), phosphorylated S6 (P-S6; 1/100; Cell Signaling Technology), Ki67 (1/50; Dako), and PTEN (1/25; Abcam). P-AKT was scored as positive or negative, with the presence of nuclear staining noted. For cyclin D1, the percentage of positive cells was calculated. At least 100 cells per sample were counted. P-S6 was scored as positive or negative. The Ki67 labeling index was calculated as previously described (14) . PTEN was scored as positive or negative.
The association between clinical factors and immunohistochemical status was investigated using the Fisher exact test for categoric variables and t test for continuous variables. OS and PFS were investigated using the Kaplan-Meier method, with differences estimated using the long-rank (MantelCox) test. OS was defined as the time between date of diagnosis and date of death and PFS as the time between date of diagnosis and date of first event (recurrence/death). Patients still alive at the end of the study were censored at the date of the last follow-up. Multiple factors were analyzed by the Cox proportional hazard regression model to determine OS comparisons with 95% confidence intervals (CI). Variables with a P value equal or less than 0.25 in univariate analysis were included in multivariate analysis.
DNA extraction
DNA was extracted from 5 to 10 mg of frozen tumor tissue as described previously (30) . Before tissue extraction, a small piece of tissue was prepared on a glass slide as a diagnostic smear, with subsequent (H&E) staining, to determine whether tumor cells were present.
Sequencing
Primers were designed to amplify exon 9 (forward 5 0 -CTGTGAATCCAGAGGGGAAA-3 0 and reverse 5 0 -CCA-TTTTAGCACTTACCTGTGAC-3 0 ) and exon 20 (forward 5 0 -GTTTCAGGAGATGTGTTACAAGG-3 0 and reverse 5 0 -TGTTCTTGCTGTAAATTCTAATGCT-3 0 ) of PIK3CA. Standard PCR reactions were carried out. PCR products were purified by incubation with 0.3 U shrimp alkaline phosphatase (Promega) and 1.5 U exonuclease I (NEB) at 37 C for 8 minutes followed by 15 minutes at 72 C. Sequencing reactions were carried out by Source Bioscience.
Cell culture
The ependymoma cell line BXD-1425EPN was provided by Dr. Xiao-Nan Li, Baylor College of Medicine, and has been previously characterized (31) . The cell line was derived from a 9-year-old male patient with a recurrent supratentorial anaplastic ependymoma. The EPN1 cell line was generated and characterized in house (32) . The cell line was derived from a 13-year-old male patient with a recurrent supratentorial ependymoma. The Res196 cell line was provided by Dr. D.G. van Vuurden, VU University Medical Center, Amsterdam. The line was originally generated and characterized by Bobola and colleagues (33) and was derived from a 4-year-old male patient with a grade 2 ependymoma.
Cells were cultured in standard humidified incubators at 5% CO 2 . BXD-1425EPN and EPN1 lines were cultured in Dulbecco's Modified Eagle Medium (DMEM; Invitrogen) supplemented with 10% (BXD-1425EPN) or 15% (EPN1) FBS (PAA Laboratories) plus antibiotics. Res196 was cultured in DMEM F12 (Invitrogen) with 10% FBS and antibiotics.
MTT assay
Cells were seeded in a 96-well plate and incubated overnight. The following day, cells were treated with Ly294002 (Cell Signaling Technology), BKM120 (Adooq Bioscience), or vehicle control (dimethyl sulfoxide, DMSO). After 72 hours, the level of proliferation was measured using the Cell Proliferation Kit I (MTT) following manufacturer's instructions (Roche). Each condition was performed in triplicate, in three independent experiments.
Western blot analysis
Cells were seeded in serum-free medium and incubated overnight. The following day, cells were treated with Ly294002, BKM120, or vehicle control (DMSO) for 1 hour. For the last 10 minutes, EGF (50 ng/mL; Sigma-Aldrich) was added. Harvested cell pellets were analyzed for protein expression using Western blotting as previously described (34) . Membranes were incubated with primary antibodies to P-AKT (1/1,000; Cell Signaling Technology), AKT (1/2,000; Cell Signaling Technology), and GAPDH (1/ 50,000; Abcam).
Results
PI3K pathway was associated with tumor location at the gene expression level
Previous research has shown that ependymomas from different locations display distinct biologic profiles. Using published mRNA expression array data (GSE21687; ref. 7) , we identified significant differences in mRNA expression between ependymomas from different locations (posterior fossa, supratentorial, and spinal; Supplementary Table S1 ). Analysis of the top 3,000 probes using IPA identified pathways displaying a significant enrichment in the identified gene list. The top pathway was the PI3K pathway with multiple genes displaying significantly higher expression in supratentorial tumors (Fig. 1A) . Seventy-three genes from the PI3K pathway displayed a significant difference in gene expression between ependymomas from different locations (Supplementary Table S2 and Fig. 1B) . Genes included components of the pathway such as the AKT genes, growth factors, and their receptors, plus downstream genes including cyclin D1 (CCND1).
Four genes were selected for validation using quantitative PCR: AKT1, PIK3R2, FGFR3, and CCND1. PCR was carried out using an independent cohort of ependymomas to those used in the array analysis. Each gene displayed higher expression in supratentorial ependymomas than in posterior fossa and spinal tumors, agreeing with the array data (Fig. 1C) .
PI3K pathway activation was linked to prognosis
AKT is a major downstream effector of the PI3K pathway. The protein expression of P-AKT was used to assess the activation status of the PI3K pathway in a retrospective cohort of 231 ependymomas (169 primary and 62 recurrent). Positive staining was seen in 122 (72%) primary tumors. Of the positive samples, 102 (84%) displayed nuclear staining (P-AKT-N; Fig. 2) . A significant association was identified between P-AKT staining and tumor location (P ¼ 0.05), with a higher percentage of supratentorial ependymomas displaying positive staining (84%) than posterior fossa (69%) or spinal tumors (50%). No association was found with any other clinical factor. Fifty (81%) recurrences displayed positive staining, 45 with nuclear staining. Of 24 primary/recurrent pairs analyzed, 19 (79%) displayed positive staining in both tumors. Three were negative in the primary and positive in the recurrent tumor. One pair were both negative and one pair displayed positive staining in the primary tumor that was lost in the recurrent tumor (Supplementary Table S3) .
A significant association was identified between P-AKT staining and a worse PFS (P ¼ 0.049). A more significant result was obtained when only the nuclear positive tumors were compared with the rest of the cohort (P ¼ 0.023; Fig. 2 ).
No association was found with OS. A higher level of significance was seen in multivariate analysis (P-AKT P ¼ 0.02, P-AKT-N P ¼ 0.011; Table 1 ). Only factors with a P value less than 0.25 in univariate analysis were included in the multivariate analysis. These factors were histology, extent of resection, age, ki67, location, and whether patients received radiotherapy before progression (Supplementary Table S4 ). The spinal group was too small to analyze independently. In univariate analysis, the posterior fossa group displayed the most significant association with survival compared with the other two locations. Therefore, supratentorial and spinal tumors were grouped together and compared with posterior fossa tumors for multivariate analysis.
1q status was analyzed in a previous study on a subset of the cohort (n ¼ 76, $50% of the total cohort; ref. 16 ). P-AKT was found to be independent of 1q status in a multivariate analysis of the reduced cohort (data not shown). Nucleolin was also analyzed, but did not reach significance in univariate analysis (data not shown).
A recent publication has divided posterior fossa ependymomas into two subgroups that can be identified using lama2 and nell2 protein expression (18) . Lama2 and nell2 protein expression was analyzed in our cohort using IHC. However, no correlation was found with P-AKT, suggesting that PI3K pathway activation was not associated with the posterior fossa subgroups (data not shown).
PI3K pathway activation was associated with cyclin D1 expression and cell proliferation PI3K pathway activation is known to play a role in control of cell proliferation, including through increased expression of cyclin D1. We found that cyclin D1 gene expression was significantly higher in supratentorial tumors (P ¼ 0.01; Fig. 3 ). Cyclin D1 expression also significantly correlated with AKT1 expression (r ¼ 0.588; P ¼ 1.6 Â 10 À4 ; n ¼ 64).
Cyclin D1 protein expression was investigated in our cohort using IHC. Of note, 140 of 161 (87%) primary tumors and 44 of 50 (88%) recurrences displayed positive staining ( Fig.  3 and Supplementary Table S3 ). A significant difference in the percentage of cyclin D1-positive nuclei was identified between tumors displaying positive or negative P-AKT staining (P ¼ 0.003; n ¼ 144; Fig. 3 ). The correlation with cyclin D1 suggested that PI3K pathway activation through AKT may be influencing cell proliferation. We therefore looked at the proliferation marker Ki67 using IHC. The percentage of nuclei displaying positive Ki67 staining ranged from 0% to 65% in primary tumors (Fig. 3) . However, Ki67 did not show a significant correlation with P-AKT staining.
To investigate the role of the PI3K pathway in ependymoma functionally, we treated ependymoma cell lines with the PI3K pathway inhibitors Ly294002 and BKM120. Decreased P-AKT protein expression was seen in cells cultured with inhibitor compared with vehicle alone, suggesting that the drugs were specifically inhibiting the PI3K pathway (Fig. 4A) . A significant decrease in cell proliferation was seen in drug-treated cells after 72 hours Figure 1 . Analysis of genes displaying significant differences in mRNA expression between ependymomas from different locations (posterior fossa, supratentorial, and spinal), using IPA, identified pathways significantly enriched. A, the top pathway was the PI3K pathway. Genes highlighted in green were upregulated in supratentorial tumors and genes in pink were upregulated in posterior fossa tumors. The majority of genes displayed higher expression in supratentorial tumors. B, hierarchical clustering of PI3K genes displaying significant differences segregated ependymomas according to location. Analysis was undertaken using previously published expression array data [Johnson and colleagues (7) Research.
on April 14, 2017. © 2013 American Association for Cancer clincancerres.aacrjournals.org Downloaded from (Fig. 4B) . IC 50 concentrations for Ly294002 were 40, 20, and 50 mmol/L for BXD-1425EPN, Res196, and EPN1 cell lines, respectively. IC 50 concentrations for BKM120 were 2.7, 1.3, and 4.4 mmol/L for BXD-1425EPN, Res196, and EPN1 cell lines, respectively. These results suggest that the PI3K pathway is increasing cell proliferation in ependymoma.
PI3K pathway activation was not linked to mTOR pathway activation
Activation of the PI3K pathway can induce activation of the mTOR pathway. The mTOR pathway can also directly regulate the PI3K pathway. mTOR pathway status was investigated in our tissue microarray (TMA) cohort using P-S6 to indicate pathway activation. Sixty-six of 146 (45%) (Fig. 3 and Supplementary Table S3) . No correlation was found between P-AKT and P-S6 staining, suggesting that the two pathways were not linked in ependymoma. No association between P-S6 and OS or PFS was identified.
PI3K pathway activation was not caused by PTEN loss or PIK3CA mutations PTEN DNA copy-number loss has previously been reported in ependymoma, which correlated with gene expression data (7), suggesting that this could be the mechanism of PI3K pathway activation. We investigated PTEN protein levels using IHC. Ten of 142 (7%) primary tumors and 2 of 49 (4%) recurrences were negative (Fig. 5 and Supplementary Table S3 ). PTEN protein expression was not associated with P-AKT status, suggesting that PTEN loss was not causing PI3K pathway activation.
The presence of activating mutations in PI3KCA was also investigated. Exons 9 and 20 (mutation hotspots) were sequenced in DNA extracted from 23 ependymomas. No mutations were found.
Discussion
We have identified PI3K pathway activation in 72% primary pediatric ependymomas, suggesting that the pathway is a strong candidate for targeted therapy, likely to be effective in a high proportion of patients. Our results have also shown pathway status to be an independent marker of poor prognosis and suggested that pathway activation was playing a role in the control of cell proliferation, which may be acting through cyclin D1.
The results from this study suggest that inhibiting the PI3K pathway therapeutically in pediatric ependymoma is an attractive option and is applicable to a high percentage of patients. In a recent drug screen of a model of a supratentorial subtype of ependymoma, inhibitors of IGF1R, which signals through the PI3K pathway, and GSK3b were found to disrupt cell proliferation, supporting our conclusions (35) . A number of drugs have been developed against the PI3K pathway, many of which are undergoing clinical trials, including in adult glioma (22, 36) . The IC 50 concentrations for BKM120 that we found for ependymoma were similar to those seen in other types of cancers, including adult glioma (37) . Phase I studies in adult tumors have demonstrated that effective plasma concentrations of BKM120 can be achieved in patients (38) . However, phase I studies of BKM120 have not been conducted in pediatric patients.
We found PI3K pathway status, defined using P-AKT, to be an independent prognostic marker of a poorer PFS in ependymoma, in comparison with clinical factors and previously reported markers. The PI3K pathway has also been linked to a poorer prognosis in other cancers including glioma and breast cancer (19, 39) .
Our analysis was undertaken in a retrospective cohort, which included infants and older children and a variety of treatments. Age at diagnosis and treatment, including extent Research.
on April 14, 2017. © 2013 American Association for Cancer clincancerres.aacrjournals.org Downloaded from of resection and radiotherapy, have previously been linked to prognosis (11, 12, (40) (41) (42) (43) . The multivariate survival analysis that we undertook demonstrated that the association of P-AKT with PFS was independent of these confounding factors. However, to confirm our result, pathway status must be investigated in clinical trial cohorts. Our cohort contained a subset from patients enrolled on two clinical trials, the CNS9204 and CNS9904 trials. When these were analyzed independently, a significant association with PFS was only found for P-AKT-N in the CNS9204 trial (Supplementary Fig. 1 ). However, P values were close to significance in all analyses and suggested the same trend for a worse PFS in patients with tumors displaying PI3K pathway activation. It is likely that significance was lost due to the lower number of tumors analyzed in each cohort.
The association with PFS was more significant when tumors displaying nuclear positivity only were compared with the rest of the cohort. The cellular localization of AKT can determine the downstream effects of activation (44) . Nuclear specific functions for AKT in tumor development and invasion have been demonstrated in cancer models (45, 46) .
If PI3K pathway status is confirmed as a prognostic marker in independent ependymoma cohorts, it could be considered as an attractive marker as it would not only identify patients with a poorer prognosis but also those that could be treated with therapies targeted against the pathway.
Our analysis suggested that PI3K pathway activation in ependymoma was influencing cell proliferation. PI3K pathway activation has been linked to cell proliferation in other cancers including medulloblastoma and glioma (20, 47) . Our results suggest that the PI3K pathway may be influencing cell proliferation through cyclin D1. The PI3K pathway has been shown to control cell proliferation through a number of mechanisms, including regulation of cyclin D1 levels through GSK3b (48, 49) . Two previous studies analyzing cyclin D1 in ependymoma found a lower percentage of positive tumors than we identified (50, 51) . However, both studies analyzed a relatively low number of patients and included a high percentage of adult tumors. A third study analyzed pediatric cases only with results closer to our findings (52) . P-AKT expression did not correlate with the proliferation marker Ki67, which might suggest that the change in cyclin D1 levels was not affecting cell proliferation. However, Ki67 is a universal marker of proliferating cells that can be influenced by many mechanisms that control cell division and is not directly related to cyclin D1 expression. It may be that cell proliferation is being controlled by different mechanisms in ependymomas lacking PI3K pathway activation, hence masking any effect the PI3K pathway may be having. In breast cancer, a positive correlation was seen between P-AKT and cyclin D1 without correlation with Ki67, similar to our results (39) . The reduction in cell proliferation that we saw upon PI3K pathway inhibition in the ependymoma cell lines supports our hypothesis that PI3K pathway activation is increasing cell proliferation in ependymoma. A significant association between PI3K pathway activation and tumor location was identified at the gene and protein expression levels. This supports previous research that has identified genomic, epigenetic, and transcriptomic differences between ependymomas arising in different locations (7-9). However, a relatively high percentage of posterior fossa and spinal ependymomas displayed PI3K pathway activation, suggesting that it also plays an important role in a subset of these tumors. Supratentorial ependymomas have been associated with a better prognosis than infratentorial tumors, including in the cohort analyzed in this study. This may seem to contradict the association of PI3K pathway activation with both supratentorial ependymomas and a poorer PFS. However, our multivariate survival analysis suggested that the association of PI3K pathway activation with PFS was independent of location.
PTEN DNA copy-number loss has been shown to occur in ependymoma, which significantly correlated with PTEN gene expression (7) , suggesting that it could be the mechanism of PI3K pathway activation in ependymoma. However, we found no correlation between PTEN protein loss and P-AKT protein expression, suggesting that this is not the case. Furthermore, we did not find any mutations in exons 9 and 20 of PIK3CA, a common mechanism of PI3K pathway activation in cancer (24) . It will be important to determine how the pathway is activated to fully understand what the effects of inhibiting the pathway therapeutically would be.
Alternative mechanisms of PI3K pathway activation have been identified in other cancers, including mutations or amplifications of PIK3R1, PDPK1, and AKT1 and 2 (23, (53) (54) (55) (56) . Analysis of published ependymoma single-nucleotide polymorphism (SNP) array data (GSE21687; ref. 7) revealed low copy-number gains at AKT1-3 and PDPK1 loci in 10% to 20% ependymomas but no amplifications. However, no correlation was found between copy number and gene expression array data.
PI3K pathway activation in cancer has also been shown to be induced through overexpression of growth factor receptors including EGF receptor (EGFR) and platelet-derived growth factor receptor (PDGFR) in glioma (57) . Previous genomic analysis has suggested that no copy-number-driven expression of growth factors or their receptors occurs in ependymoma (7) . However, in our analysis, we did see differential expression of a number of growth factor receptor genes, which may be involved in PI3K pathway induction in ependymoma. These included EGFR, ERBB2, ERBB4, and PDGFRA, which have previously been linked to prognosis in ependymoma in some studies (58-60) but not others (14, 58, 61) .
The PI3K pathway can induce activation of the mTOR pathway, which is also deregulated in cancer, with drugs targeting the pathway in clinical trials for several malignancies (62, 63) . We did not find a correlation between PI3K and mTOR pathway status in ependymoma, suggesting that the two pathways were not linked. However, we saw mTOR pathway activation in approximately 50% of ependymomas, suggesting that it may be playing an important role in a proportion of tumors. Activation of one or both of the PI3K and mTOR pathways was seen in 88% of primary ependymoma cases that we analyzed, suggesting that the majority of pediatric ependymoma patients could be treated with therapies targeting one of the pathways.
In conclusion, we have demonstrated the PI3K pathway to be active in a high percentage of ependymomas and to be an independent prognostic marker of a worse PFS. Our data suggest that pathway activation in ependymoma increases cell proliferation. The high percentage of patients with pathway activation and the link to a poor prognosis suggests that the potential of targeting the pathway therapeutically should be investigated. If this proves to be a successful approach, it would be applicable in a high proportion of patients.
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